A dynamic-thermodynamic sea ice model is coupled to a one-dimensional model of the oceanic mixed layer and pycnocline and is applied to the Weddell Sea. This model prognostically determines the vertical oceanic heat flux from the mixed layer dynamics in contrast to earlier sea ice modeling where the oceanic heat flux was prescribed. In addition to the standard simulation, polynya and paleoclimate experiments were performed to investigate the effects of sea ice dynamics. Furthermore, the mixed layer-pycnocline model is compared to the original Kraus-Turner approac h.
INTRODUCTION
The seasonal variation of Antarctic sea ice is one of the strongest climate signals on the Earth's surface. Before undertaking a simulation of the entire Antarctic region, it is appropriate to first model the Weddell Sea ice pack. Weddell Sea ice makes up a major portion of the Antarctic ice cover and can be considered typical of the Antarctic region. It is also somewhat better sampled than the remainder of the Southern Ocean. The formation of sea ice near the continental margin and melting at the ice edge are also important processes in the production of surface and bottom water masses [Toole, 1981; Foster and Carmack, 1976; Ackley, 1979] . As a result, long-term variations in both the annual average and seasonal cycle of the Weddell Sea ice pack can have a strong influence on climatic conditions both through changes in the surface albedo and temperature and by changes in the production of ocean water masses which would indirectly alter the deep circulation in the world's oceans.
nocline, was coupled to a one-dimensional, thermodynamic ice model, similar to the thermodynamic code used by Parkinson and Washington [1979] . Presented in this paper are the results from a model which couples a dynamic sea ice model [Hibler and Ackley, 1983 ] to one-dimensional mixed layer models, both that used by Lemke [1987] and one based on the two-slab layer formulation of Kraus and Turner [Niiler and Kraus, 1977] . Effects of horizontal advection in the mixed layer model are crudely parameterized here, but will be investigated in more detail in a subsequent publication.
In the next section, a short description of the model dynamics as well as the model domain and integration procedure are given. In the following section, it is shown that the coupled model successfully simulates both the seasonal extent of sea ice and the average and spatial distributions of heat and salt fluxes into the ocean. A series of model simulations demonstrates the sensitivity of the results to the dynamics of the ocean mixed layer. A set of experiments investigating the collapse of polynyas after they are formed by anomalous oceanic heating suggests that advective effects coupled with the thermodynamics and mixed layer dynamics create a strong negative feedback system, damping the response to these short-time perturbations and restoring the model back toward the original seasonal cycle. This system eliminates a polynya much faster than a thermodynamics-only model. Finally, a set of experiments with atmospheric and oceanic conditions similar to those of earlier palcoclimatic periods also show this strong, negative feedback.
In this paper we will mainly focus on effects associated with the ocean part of the model. The problems concerning the sea ice dynamics and snow cover are addressed by Owens 
DESCRIPTION OF THE MODEL
The approach used in this study couples a two-layer dynamic-thermodynamic sea ice model [Hibler, 1979] with a one-dimensional, prognostic mixed layer [Lemke, 1987] . Basically, the sea ice model consists of a momentum balance coupled to ice thickness and compactness (fraction of area covered by sea ice) equations. In the latter equations the oceanic heat flux is determined by the mixed layer dynamics which also prescribes the depth, temperature, and salinity of the mixed layer and the underlying layer. We will give a brief description of the model here to show how we have coupled the two models.
Ice Momentum Equation
The momentum equation, written in cartesian coordinates is turning angles [e.g., McPhee, 1979] . The surface tilt is related to the prescribed ocean currents using geostrophy. where h0 is the strain rate tensor, P/2 is a pressure term related to the ice thickness, k kk = • l l + •22 is the ice divergence, and s r and •/are the nonlinear bulk and shear viscosities, respectively. The viscous-plastic constitutive law [Hibler, 1979] 
The ice strength is coupled to ice thickness characteristics according to
where hi is the average ice thickness in a grid cell and A is the ice compactness or fraction of the area covered by ice. The actual ice thickness of the ice-covered part of a grid cell is therefore given by hi/A. In this formulation there are three model parameters that must be specified a priori, the ratio of principal axes, e, and the yield strength parameters P* and C. For this study we have used the same values as Hibler and Ackley [1983] , e = 2, P* = 2.75 x 104 N/m 2, and C = 20. The second term (x) in (9) accounts for the decrease in the fraction of the area covered by ice due to the melting of thick ice, assuming its thickness is distributed between 0 and twice hi/A and all the ice melts at the same rate. Comparing the performance of the standard model and the fixed mixed layer case one should keep in mind, however, that the parameters of the sea ice model were tuned to fit the model results to observations using a fixed mixed layer depth [Hibler and Ackley, 1983] . These parameter values (also used in this study) are not necessarily the optimal ones for the extended sea ice-mixed layer-pycnocline model. Although it seems expedient to retune the parameters, we think this is only meaningful when the complete ocean circulation is included. This will be the topic of a subsequent paper.
Ice Thickness Conservation Equations

K = R/g (22) E =/3(S* -S)-a(T* -T) (23) E* = (lgc(S-Si)/ (pwL) -a)(T* -T)
No Sea Ice Advection (Thermodynamics Only)
In the next experiment the ice velocity was set to zero, i.e., only thermodynamic ice growth or melt was included. In the mixed layer model a constant turbulent kinetic energy input corresponding to an ice velocity of 0.1 m/s was used. The resulting seasonal amplitudes for volume and extent were reduced by 50%, while the phases remained unchanged (dashed lines, Figure 11 ). The thermodynamics-only model exhibits a much larger summer ice extent and a substantial increase in ice volume throughout the whole year. These results are similar to those of Hibler and Ackley [1983] .
The sea ice thickness pattern follows the thermodynamic forcing and accordingly has its highest values in the southern part of the grid. Generally the thickness is increased by 1 m compared to the standard experiment. The mixed layer depth is substantially reduced and reaches a maximum of only 80 m in the southern Weddell Sea. Due to smaller entrainment rates the average oceanic heat flux is only one third of the standard value. The net freezing rate is negligible (as it should be for a thermodynamic model that has reached a cyclostationary state). The salinity has accordingly no pronounced minimum at the ice edge. Also shown in Figure 11 are the seasonal cycles of extent and volume for the thermodynamic model with the fixed mixed layer model (dotted lines). Comparing these results to Figure 3 it is apparent that the inclusion of a prognostic mixed layer model has a larger effect on the thermodynamics-only model than on the full model. This means that a model that includes sea ice dynamics is less sensitive to different ocean models than a purely thermodynamic sea ice model. This reduced sensitivity is a typical feature of a dynamic sea ice model, which we will also encounter in the polynya and paleoclimate experiments (sections 3.5 and 3.6).
The reduced sensitivity of the full model can be explained by the interaction between the dynamics and the thermodynamics of the sea ice model. In regions where the thermodynamics reduces the ice thickness, the ice gets weaker and the dynamics, under favorable conditions, i.e., convergence, can readily increase the ice thickness (by importing ice into the region). In regions where the dynamics reduces the ice thickness (divergence), the thermodynamics, under favorable conditions, i.e., cooling, can easily increase the sea ice thickness. These interactions produce a negative feedback, which tends to stabilize the solution. In the open ocean, where AT is negative, the stability of the KT model is generally larger than the standard case. As a result the mixed layer is shallower and, for the same cooling rates, the mixed layer temperature reaches the freezing point sooner, allowing ice to form earlier. This explains the phase shift of the ice extent observed in Figure   12 .
To investigate the phase difference of the annual cycle in more detail two experiments were performed with a constant kinetic energy input for the KT and standard mixed layer models. Figure 13 These experiments show that the sea ice dynamics increases the spatial scale of the response, and it reduces the lifetime of the polynya response by importing ice into the thin ice and low compactness region, where there is less resistance to convergence. In other words, the dynamic sea ice model is less sensitive to short-time perturbations than the purely thermodynamic model. Experiments with a larger warm cell perturbation area (24 grid points) showed a larger spatial scale and a slightly increased lifetime of the response. 
CONCLUSIONS
Experiments with a coupled sea ice-mixed layer model in the Weddell Sea show the well known gyre circulation with a divergent sea ice drift, and accordingly thinner ice, larger freezing rates, higher salinities, and deeper mixed layers in the south off the Antarctic continent.
The results indicate that the vertical oceanic heat flux is not constant as previously assumed in sea ice modeling, but shows a pronounced time and spatial dependence. The largest values are generally found at the ice edge and in the divergent drift region in the southern Weddell Sea, where large entrainment rates occur. In summertime relatively large entrainment heat fluxes are produced by the surface stress induced by wind and sea ice drift, which is generally higher in this season. Because of the rather poor vertical resolution below the mixed layer, the original two-layer Kraus-Turner model generated a considerably higher oceanic heat flux as compared to the standard mixed layerpycnocline model, which includes a more sophisticated pycnocline representation.
Experiments with short-time disturbances, such as a warm eddy, which destabilize the oceanic stratification compared with the normal seasonal conditions, show that such shortlived perturbations are capable of producing an anomalous reduction of the sea ice thickness, but the sea ice dynamics reduces the lifetime of such a polynya response considerably compared to a thermodynamics-only model. This is due to the fact that under convergent winds sea ice is imported into the thin ice-low compactness region, which has only a small ice strength, and is melted, thereby increasing the oceanic stratification and reducing the entrainment. This suggests that the observed long life of the polynya in 1974/1975 [Carsey, 1980] must have been sustained by anomalous meteorologic or oceanic conditions. This means that the dynamic-thermodynamic sea ice model is less sensitive to short-time perturbations than the thermodynamics-only model, and from paleoclimate experiments it is evident that this is also true for modifications of the atmospheric and deep ocean boundary conditions.
